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QD lasers go to market 
Combining smaller threshold current densi-
ty, temperature dependence and linewidth
together with increased differential efficien-
cy and power output, quantum dot lasers can
now surpass quantum well lasers, extending
lasing on GaAs substrates to 1.3 and 1.55µm
fibre-optic communications wavelengths to
replace more costly InP-based lasers.    
In a bulk three-dimensional semiconductor, eg. a
double heterostructure (DH) laser, interactions
between closely packed atoms in the crystal lat-
tice spread the energy levels of free electron and
hole charge carriers into a continuous spectrum.
Transitions due to the stimulated recombination
of electron-hole pairs between conduction and
valence bands result in light emission over a
broad spread of wavelengths.
But depositing thin epilayers to form low-dimen-
sional structures enables the freedom of motion
of charge carriers to be localised by confinement
on a nanometre-scale (comparable with their de
Broglie wavelengths) in one, two or three dimen-
sions between heteroboundaries with wider-
bandgap surrounding material.This restricts car-
riers to, respectively, a two-dimensional quantum
well (QW), a one-dimensional quantum wire
(QWi) or, ultimately, a zero-dimensional quantum
dot (QD). Such size quantization in the confined
directions concentrates available energy levels
for injected carriers into an increased density of
states near the band edges (see Figure 1).
First proposed in 1982 by Arakawa and Sakaki of
the University of Tokyo [1], for QDs in a DH
laser, localised carriers confined in all three
dimensions have their density of states concen-
trated into fully quantized, discrete and hence
more widely separated energy levels.
Optical transitions between them are therefore
restricted to emission at fewer wavelengths with
atom-like spectrally narrower linewidths (with a
linewidth enhancement factor of <0.1, compared
to >2 for QW lasers).This can eliminate the opti-
cal isolator and wavelength chirp, and reduce
sensitivity to external optical feedback.
Wavelength is not determined solely by the
fixed bandgap energy of the active region mate-
rial but also by the QD’s energy levels, which
depend on QD size and band offsets at the het-
eroboundary.This allows tuning over a wider
range, for example extending lasing from InAs
QDs on GaAs substrates beyond the lattice-dis-
location-limited 1.1µm of strained InGaAs/GaAs
QWs to replace more expensive InP-based
lasers emitting at 1.3µm for short-haul local-area
and metro-area networks and at 1.5µm for long-
haul networks.
Compared with QW lasers, 1.3µm InAs-GaAs QD
lasers have fewer, sharper energy levels in their
density of states.Together with a smaller active
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Figure 1. Density of states in conduction band (CB) and valence band (VB) for (a) double
heterostructure (DH), (b) quantum well (QW), (c) quantum wire (QWi), and (d) quantum
box, now quantum dot (QB). 
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region, this allows easier ground-state
population inversion.This yields:
• a lower transparency current density Jo
(threshold current density for lasing, Jth,
extrapolated to infinite cavity length) of
10A/cm2 (four times smaller than the
40A/cm2 Jth of InP-based QW lasers - see
Figure 2) with;
• stability over a greater characteristic
temperature range (T0 of 170K up to
65°C, surpassing InP-based QW lasers).
This eliminates the thermo-electric cool-
er, reducing size and power consumption
(important for modules in lower-cost
metro- and local-area networks); and 
• higher differential efficiency ηD (>85%)
and gain.
Self-assembled QDs 
Conventional lattice-matched epi deposi-
tion forms a 2D layer, confined in the
growth direction alone. So initially QDs
were formed from QWs. However, e-beam
lithography resolution is quite large for
quantisation effects, while etching causes
defects that reduce optical efficiency.
The mid-’90s saw application of Stranski-
Krastanow growth. For a heterointerface
with a mismatch in crystal lattice con-
stants (eg. 7% for InAs on (100) GaAs),
after the pseudomorphic ‘wetting’ layer
exceeds a critical thickness (1.6-2ML
monolayers of InAs), the accumulated
strain is relieved through elastic relaxation
of the lattice via spontaneous reorganiza-
tion of the 2D growth surface into 3D
islands, giving low defect density.The
islands order laterally via repulsive interac-
tion into a uniform array of self-assembled
QDs (SAQDs). For MBE growth, these are
truncated pyramids, several nm high and
~20nm wide.The QDs can then be cov-
ered with a capping layer (eg. GaAs).
Lasing at 1.3µm is impossible in InGaAs/
GaAs QWs without exceeding the critical
thickness. But, in QDs, strain relaxation
allows larger InAs structures, reducing
bandgap and extending wavelength.
Control of QD size, shape and position
non-uniformity by optimising deposition
can minimise spread in the energy levels
and hence reduce inhomogeneous line
broadening of the gain spectrum from 30-
50meV to <15meV. This, together with
higher areal density of QDs in the array,
can maximise optical gain and help to
reduce Jth and increase T0. Figure 2 shows
progress in Jth for DH, QW and QD lasers.
Evolution to 1.3µm 
SAQD lasers were first demonstrated in
1994, co-developed by the groups of
Dieter Bimberg at Technical University
Berlin and N N Ledentsov from the lab of
QW laser co-developer Zhores Alferov at
St Petersburg’s Ioffe Institute [2].Their
7nm-wide InAs QDs lased at 0.9-0.95µm
with Jth=0.1kA/cm
2 and infinite T0 when
operated at 77K, but Jth=1kA/cm
2 and
only T0=50-80K at room temperature.
This was comparable to InP-based
devices, but inferior to GaAs-based QWs.
The year 1996 saw room-temperature
continuous wave (cw) lasing at 1µm
with Jth=0.65kA/cm
2 by the University of
Michigan [3] and at 1.2µm with
Jth=0.5kA/cm
2 by NIST [4].
QDs formed from 2.5-3ML of InAs on
GaAs can emit at up to 1.24µm. But the
QDs have limited areal density (giving a
fill factor of about 10% in a single layer)
and therefore low injected charge cap-
ture efficiency.
This can be increased by growing InAs
QDs in a GaAs QW, yielding larger optical
gain from a single layer of dots at reason-
able cavity lengths. However, the large
compressive strain of the 7% InAs-GaAs
lattice mismatch (compared to 3% for
InAs-InGaAs-InP QD lasers) induces an
unwanted QD bandgap increase and
wavelength decrease.This can be coun-
teracted by using larger QDs, but the
strain in the lattice makes fabrication 
difficult.
Instead, QDs in a narrow GaAs QW sur-
rounded by wider-bandgap AlGaAs form
a deeper QW with higher T0 and capture
efficiency, leading to higher gain and
lower Jth. However, QD growth tempera-
ture is 60-100°C lower than optimum for
AlGaAs.
InAs QDs can instead be covered with
pseudomorphic InxGa1-xAs. Increasing
In content (x) increases strain relief.Via
activated phase separation it is energeti-
cally favorable for InAs to nucleate at
the elastically relaxed islands.This
increases QD width, reducing the
bandgap and extending the wavelength
towards 1.3µm. It also increases areal
density, yielding higher gain and 
lower Jth.
The first 1.3µm QD laser was demon-
strated in 1998 by Dennis Deppe’s
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Figure 2. Progress in Jth from DHS (red) to QW (yellow) to QD (blue) lasers.
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group at the University of Texas at
Austin, leading to Jth=45Acm
-2 (cw) [5].
In 1999 Luke Lester’s group at the
University of New Mexico reported
Jth=26A/cm
2 (pulsed), the first lower
than QW lasers. Its DWELL (dots-in-a-
well) structure incorporated a 10nm-
thick In0.15Ga0.85As QW (grown at
510oC) within a 230nm-thick GaAs
waveguide with 2µm-thick Al0.7Ga0.3As
cladding layers and a 60nm-thick GaAs
cap (all grown at 610oC). Uncoated
7.8mm-long, 100µm-wide broad-area
lasers emitted at 1.25µm with T0=60K at
10-50oC and 34.5K at 50-80oC.A narrow-
stripe DWELL yielded a record Jth of
16A/cm2, 7.5 times smaller than in
strained InGaAs/GaAs QW lasers [6].
However, due to small areal density and
density of states, low Jth comes with the
trade-off of ground-state modal gain, satu-
rating at <10cm-1 (much less than for a
QW laser).Avoiding shorter-wavelength
excited-state lasing necessitates using a
low-loss design (long cavities and/or
high-reflectivity facet coatings) at the
expense of low ηD and output power,
especially for cw lasing above room tem-
perature.
However, covering QDs with a thin
(In)GaAs layer provides a template of
seeding centres for islands in subsequent
layers of vertically stacked, strain-aligned
QDs. Such 3D arrays of up to 10 layers
boost effective areal density, increasing
internal quantum efficiency ηi to nearly
100% (comparable to a QW laser) and
therefore increasing gain (important for
overcoming high losses in vertical-cavity
surface-emitting lasers).
By incorporating 10 layers of QDs in a
GaAs matrix within a 0.5µm-thick
Al0.13Ga0.87As waveguide with 1.5µm-
thick Al0.7Ga0.3As cladding, in 2002 TU
Berlin/Ioffe claimed the first 1.3µm GaAs-
based laser with: low Jth (<150A/cm
2),
high ηD (a record 88%), high-T0 (150K at
20-50°C), and record cw output (300mW
single lateral mode and 3W multimode) -
competitive with InP-based lasers [7]. J0
was 60A/cm2 (a record 6A/cm2 per QD
layer) and modal gain was >30cm-1. More
recently, it has achieved Jth=40A/cm
2
with output of 5W [8].
At May’s CLEO 2004 event TU Berlin
/Ioffe will present the first 1.3µm QD
laser giving error-free data modulation at
(a) 2.5Gbit/s at 50°C with a transmission
Q penalty of 1.4dB and (b) 5Gbit/s at
40°C with a transmission Q penalty of
0.3dB, for transmission over 4km of fibre.
TU Berlin’s Bimberg reckons that QD
lasers will replace 1.3µm InP-based QW
lasers within five years.
Extension to 1.5µm
GaAs-based QW lasers have been extend-
ed to not just 1.3µm but also the 1.5µm
long-haul fibre-optic telecom wavelength
by using InGaAsN(Sb) (yielding, for
example, Jth=3.5kA/cm
2 with T0=83K at
10-35°C).
For GaAs-based QD lasers,Yasuhiko
Arakawa’s Nanoelectronics Collaborative
Research Centre at the University of
Tokyo used MOCVD to grow 2.6ML InAs
QDs with a 5nm In0.45Ga0.55As capping
layer. Emission at 1.5µm had a narrow
linewidth of 22meV [9].
In late 2003 TU Berlin/Ioffe achieved las-
ing at 1.5µm via a 0.8-1µm-thick active
region comprising 10 layers of 2.7ML
InAs QDs (each with a 4nm-thick
In0.4Ga0.6As overgrowth and separated
by 45nm-thick In0.2Ga0.8As spacers) clad
by 1.6µm-thick InxAlyGa1-x-yAs on a 
metamorphic (plastically relaxed)
In0.2Ga0.8As/GaAs buffer [10].
A 1.5mm-long, 100µm-wide broad-area
laser output 7W (pulsed), for Jth=0.8-
1.4kA/cm2 (J0=700A/cm
2, ie. 70A/cm2
per QD sheet) with T0=60K up to 85°C
(see Figure 3 inset). ηD was 50%.
Spin-off NSC is now offering commer-
cial epiwafer foundry and packaged
devices (see panel). So, GaAs can now
be used as a base for lasers across the
entire telecom and datacom wavelength
range.
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Figure 3. Electro-luminescence spectra slightly above threshold at different temperatures
for broad-area (100µm-wide) 1.5µm QD edge-emitting lasers grown on a metamorphic
InGaAs/GaAs buffer.  Insert: temperature dependences of Jth and λ . Courtesy TU Berlin.
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First to offer QD edge-emitting lasers and epiwafers in
commercial volumes (at March 2002’s Optical Fiber
Communications event) was Albuquerque-based Zia Laser,
spun off in May 2000 from the University of New Mexico
with professor Luke F Lester as chief research officer and
Petros Varangis as chief of product development. It
received $6m of venture funding in June 2001 and $5.4m in
March 2003. 
Zia’s MBE-grown “dots-in-a-well” (DWELL) structures (see
Figure 4 [min]) include: 
• 1510-1620nm InP-based QD broadband Tunable Gain Chip
(TGC, sampled in April 2002), which has 40mW output for
S-, C- and L-band tunable external-cavity lasers for long-
haul and metro-area DWDM networks;
• 1265-1340nm GaAs-based uncooled InAs QD DFB lasers
(sampled in July 2002), which output 5mW at 10Gbit/s oper-
ation, allowing a reach of 80km in metro- and local-area
networks.
The 1328nm DFB has a 300µm-long, 3.5µm-wide ridge
waveguide, giving threshold current Ith of 10.5mA at 100°C.
T0 is 100K at 10-80°C. At January 2003’s Photonics West
event Zia presented an uncooled 1310nm laterally loss-cou-
pled (LLC) DFB with a threshold of 2.1mA. 
Zia has demonstrated 1320nm uncooled InAs QD FPs with
Ith as low as 1.5mA. The T0 of 50K is not high, but the
decrease in slope efficiency with temperature is slow
(T1=245K) enabling 5mW output at 100°C with only 40mA
bias current. 
Zia presented a broadly tunable laser that combines its
1300nm QD gain chip with an external cavity design of
Aculight Corp’s that can tune over a 100nm range with cw
output of 3mW for medical diagnostics, test and measure-
ment, and spectroscopy.  It has also produced a monolithic
laser array, wavelength selectable over 1277-1333nm for
fixed-wavelength coarse wavelength division multiplexing
(CWDM) Ethernet. 
“Module vendors will be able to replace their current QW
lasers with QD lasers, which have better performance
before needing to add external modulation, cooling or iso-
lation,” says president and CEO Thomas Brennan. 
The “fab-lite” Zia is focused on generating intellectual
property, volume manufacturing of MBE-grown QD laser
and detector epiwafers, and co-developing QD products
with strategic partners, enabling it to speed time-to-mar-
ket, adds Brennan, who is ex-VP and GM of Emcore
PhotoVoltaics. In March 2003 Zia and Emcore entered a sub-
lease and contract manufacturing agreement for high-vol-
ume epi growth and laser processing. This includes clean-
room space and supporting infrastructure for Zia’s MBE
reactor in Emcore’s Albuquerque facility (which is sited
within the PhotoVoltaic and Fiber Optics divisions of Sandia
National Laboratories Science and Technology Park) as well
as technical support from Emcore in material characterisa-
tion, wafer processing and device packaging. Zia says that
it plans over the next year to outsource volume manufac-
turing (wafer fabrication, testing and packaging). 
Dortmund-based NSC-Nanosemiconductor GmbH was
spun out of St Petersburg’s Ioffe Institute and the Technical
University of Berlin, which jointly act as incubators (e.g. for
device processing and testing) in October 2003. Originating
from the lab of Nobel physics laureate professor Zhores I
Alferov in Ioffe Institute and collaborating with TU Berlin
since 1994, professor Nikolai Ledentsov is chief scientific
officer. 7m has been raised in funding, to establish volume
production. In January NSC debuted at Photonics West 2004
and started shipping wafers to opto customers, says co-
founder and GM Bernd Meyer. 
Using a 2-6” Riber MBE49 production system, NSC offers
epiwafers for InGaAs-based QD 850nm-1.55µm edge-emit-
ting and 850nm-1.31µm VCSEL FP and DFB lasers. 
For example, a 1.3µm FP QD edge-emitting laser has: trans-
parency current density per QD plane <7A/cm2 and thresh-
old current density <40A/cm2 (single-mode threshold cur-
rent <1.5mA) with T0>200K; differential efficiency >85%;
internal quantum efficiency >97%; internal loss <1.5cm-1;
output >7W for 100µm-wide stripes, and >150mW single-
mode.
NSC’s next target is a 1.55µm QD VCSEL. 
* NSC provided material to the EU 5th Framework project
Quantum Dot Lasers for Optoelectronic Information
Communication (www.dotcom-project.de), which aims to
develop 1.3µm and 1.5µm GaAs-based QD lasers & ampli-
fiers.  The 10 partners are: Germany’s DLR Stuttgart (coor-
dinator), TU Berlin, Institute of Technical Physics and
Optospeed, Denmark’s Research Centre COM, Ireland’s
University College Cork, the UK’s Agilent Technologies,
Intense Photonics, and the universities of Bristol,
Cambridge and Glasgow. 
Figure 4. Zia Laser's QD laser comprises a QW-like active region containing a
layer of pyramid-shaped InAs dots, each 200Å along its base and 70-90Å
high. There are about 100 billion dots in 1cm2.
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